To elucidate the mechanism underlying transport and processing defects from the viewpoint of enzyme folding, we constructed three-dimensional models of human acid a-glucosidase encompassing 27 relevant amino acid substitutions by means of homology modeling. Then, we determined in each separate case the number of affected atoms, the root-mean-square distance value and the solvent-accessible surface area value. The analysis revealed that the amino acid substitutions causing a processing or transport defect responsible for Pompe disease were widely spread over all of the five domains comprising the acid a-glucosidase. They were distributed from the core to the surface of the enzyme molecule, and the predicted structural changes varied from large to very small. Among the structural changes, we paid particular attention to G377R and G483R. These two substitutions are predicted to cause electrostatic changes in neighboring small regions on the molecular surface. The quality control system of the endoplasmic reticulum apparently detects these very small structural changes and degrades the mutant enzyme precursor (G377R), but also the cellular sorting system might be misled by these minor changes whereby the precursor is secreted instead of being transported to lysosomes (G483R).
INTRODUCTION
Acid a-glucosidase (GAA; EC 3. 2.1.20/3) is a lysosomal exoglycosidase that catalyzes the hydrolysis of the a-1,4-and a-1,6-glucosidic bonds of glycogen, yielding glucose. The enzyme is encoded by the GAA gene localized to 17q25, and is synthesized as a protein of 952 amino acids including an amino-terminal signal peptide for transport into the lumen of the endoplasmic reticulum (ER). On entry into the ER, the enzyme is N-glycosylated, resulting in a precursor form with an apparent molecular mass of 110 kDa. Subsequently, the enzyme is transported to the Golgi apparatus, in which further modification of the sugar chains occurs. Proteolytic processing in the trans-Golgi apparatus and in the lysosomes, in which the enzyme exerts its function, results in a 95-kDa intermediate form and finally the mature forms of 76 and 70 kDa. The small peptides that are cleaved-off remain linked to the protein core through disulfide linkages. Some cell types, such as fibroblasts, secrete a small amount of the newly formed 110-kDa acid a-glucosidase precursor. [1] [2] [3] [4] A genetic deficiency of acid a-glucosidase causes the accumulation of glycogen in the lysosomes, and thereby leads to Pompe disease (glycogen storage disease type II, acid maltase deficiency; OMIM 232300). The clinical spectrum of this disease ranges from an earlyonset rapidly progressive infantile form characterized by cardiac failure, severe hypotonia and sometimes hepatomegaly, to a late-onset slowly progressive juvenile/adult forms characterized by skeletal muscle weakness. 1 The overall incidence of this disease has been estimated to be from 1 in 14 000 to 1 in 137 000. 1 In a recent study involving newborn screening in Taiwan, four patients with Pompe disease were discovered among 132 538 apparently unaffected newborns. 5 So far, close to 300 genetic mutations responsible for Pompe disease have been reported. 1, [6] [7] [8] Among them there is a group of mutations that affects the post-translational processing and transport of the enzyme protein. As it is well known that the detrimental effect of most mutations in lysosomal diseases is on protein folding, giving rise to processing and transport defects, 9 it is necessary to elucidate the structural cause of processing and transport defects. This will facilitate in understanding the molecular basis of Pompe disease. However, information regarding this is very scarce.
Earlier, we built a structural model of the catalytic domain and the surrounding region of human acid a-glucosidase by means of homology modeling using the structural information on a-glucosidase MalA from Sulfolobus solfataricus (PDB: 2G3N) 10 as a template, and examined the structural changes caused by pathogenic and nonpathogenic amino acid substitutions. 11 However, the investigations were restricted to a limited region of the enzyme protein because the amino acid sequence identity between the human acid a-glucosidase and the template was low.
In this study, we constructed an improved three-dimensional model of human acid a-glucosidase involving the whole structure using the recently reported crystal structure of the N-terminal subunit of human intestinal maltase-glucoamylase 12 as a template. We then used this new model to investigate genetically determined protein structural changes giving rise to defects in the processing and transport of acid a-glucosidase in Pompe disease.
MATERIALS AND METHODS
Amino acid substitutions causing a processing/transport defect in Pompe disease
As mentioned above, close to 300 genetic mutations associated with Pompe disease have been reported (http://www.pompecenter.nl/). Here, we analyzed the structural implications of 27 specific amino acid substitutions, which were earlier shown to cause a processing/transport defect judging from the results of biochemical investigations. The amino acid substitutions, biochemical data and references to relevant literature are listed in Table 1 . The Pompe disease mutation database at http://www.pompecenter.nl/ provides an additional background information, which can easily be accessed by electronic links to all publications dealing with each of the 27 amino acid substitutions described in the present publication, including case reports if available.
Structural modeling of the wild-type and mutant human acid a-glucosidase A structural model of wild-type human acid a-glucosidase was built using molecular modeling software, Molecular Operating Environment, MOE (CCGChemical Computing Group Inc., Montreal, Quebec, Canada), by means of homology modeling. The crystal structure of N-terminal subunit of human intestinal maltase-glucoamylase (PDB: 2QLY) was used as a template, and energy minimization was carried out. The root-mean-square gradient value was set at 0.05 kcal/mol Å . The structural models of mutant species incorporating the amino acid substitutions were constructed using molecular modeling software, TINKER, developed by Ponder et al. [13] [14] [15] [16] [17] Calculation of the numbers of atoms influenced by amino acid substitutions
To determine the number of atoms affected, each mutant model was superimposed on the wild-type structure on the basis of the Ca atoms by the least-square-mean fitting method. [18] [19] [20] [21] [22] We defined that the structure was influenced by an amino acid substitution when the position of an atom in a mutant differed from that in the wild-type structure by more than the cut-off distance (0.15 Å ) on the basis of the total root-mean-square distance (RMSD), as described earlier. [18] [19] [20] [21] [22] The numbers of influenced atoms in the main chain and the side chain were calculated. Abbreviations: ASA, solvent-accessible surface area; RMSD, root-mean-square distance; À, no protein; ¼, normal amount; m, more than normal; k, less than normal. a The Pompe disease mutation database at http://www.pompecenter.nl/ provides additional information on the effects of the amino acid substitutions. The relevant literature can easily be accessed by electronic links to all publications dealing with each of the 27 amino acid substitutions described in the present publication, including case reports if available. Interpreting the literature: Substitutions D489N, A610V, D645E and W772R lead to 95% or higher loss of acid a-glucosidase activity. The effects of R190H and M318K on enzyme activity are unknown. All other substitutions result in 498% loss of enzyme activity. b The apparent molecular mass is higher than normal because of excessive sialic acid residues.
Determination of RMSD values of all atoms in mutant human acid a-glucosidase structures
The RMSD values of all atoms in the mutant enzyme structures were determined according to Weiner's method to predict the severity of the structural changes, as described earlier. 20, 22, 23 Determination of the solvent-accessible surface area (ASA) values of amino acid residues causing a processing/transport defect in Pompe disease
The ASA value of each residue in the wild-type human acid a-glucosidase was calculated using ACCESS, 24 and the position of a substituted amino acid residue causing a processing/transport defect was determined, as described earlier. [19] [20] [21] [22] Coloring of the atoms influenced by representative amino acid substitutions
Coloring of the influenced atoms in the three-dimensional structure of human acid a-glucosidase was carried out for representative amino acid substitutions including G377R and G483R, which were predicted to cause structural changes in a small region on the surface of the molecule. The analysis is on the basis of the geographic distances between the wild-type and substituted amino acid residues in the three-dimensional model, according the method described earlier. [19] [20] [21] [22] 25 Structural modeling of the surface region affected by representative amino acid substitutions
The surface structure of wild-type human acid a-glucosidase and the mutant structures with the G377R and G483R substitutions were built using Jmol, version 11 (an open-surface Java viewer for chemical structures in 3D), and the molecular surfaces were presented by coloring.
RESULTS
Structural model of human acid a-glucosidase and locations of amino acid substitutions associated with a processing/transport defect in Pompe disease To investigate structural changes that give rise to processing/transport defects in Pompe disease, we constructed a three-dimensional model of human acid a-glucosidase encompassing the whole structure by means of homology modeling. We used the existing crystallographic data for Structural modeling of mutant a-glucosidases K Sugawara et al the N-terminal subunit of human intestinal maltase-glucoamylase as a template. Figure 1 shows the sequence alignment of these enzymes, human acid a-glucosidase (LYAG) and human intestinal maltaseglucoamylase (PDB: 2QLY), completed with a-glucosidase MalA from S. solfataricus (PDB: 2G3N) that was earlier used for threedimensional modeling. 11 The amino acid identity between human acid a-glucosidase and the N-terminal subunit of human intestinal maltaseglucoamylase was 41%, this being sufficiently high to model the entire structure, whereas the homology with S. solfatarics MalA was only 28 %, this being too low to construct the entire model. The residues responsible for the catalytic activity (D518 and D616) and sequence motifs of family 31 glycosyl hydrolases were well conserved. 26 The overall structure of the template, human intestinal maltaseglucoamylase and the modeled structure of human acid a-glucosidase are superimposed in Figure 2a . According to the constructed model, human acid a-glucosidase is composed of five domains; that is, a trefoil type-P domain (residues 89-135), an N-terminal b-sandwich domain (residues 136-346), a catalytic (b/a) 8 barrel domain (residues 347-723) with two inserted loops, which include insert 1 (residues 444-491) and insert 2 (residues 522-567) protruding out between b3 and a3, and between b4 and a4, respectively, a proximal C-terminal domain (residues 724-818) and a distal C-terminal domain (residues 819-952) (Figure 2b) . We determined the locations of the putative acid/base catalyst D616 and the nucleophile D518, and the amino acid residues giving rise to processing/transport defects when substituted by other residues through mutation ( Table 1) . The locations are shown in Figure 3 , representing the predicted structure of the wildtype human acid a-glucosidase. The amino acid residues involved in substitutions were distributed over all of the five domains comprising the enzyme molecule, although they were relatively far away from the catalytic residues.
Structural changes in human acid a-glucosidase caused by amino acid substitutions associated with a processing/transport defect in Pompe disease We used the constructed three-dimensional model of each of the mutant proteins to calculate the number of atoms influenced by the amino acid substitution. The results are summarized in Table 1 . The average numbers were 66 in the main chain and 79 in the side chain, with very high standard deviation (s.d.) values of 125 and 150 for the two types of chains, respectively. Regarding the main chain, the Structural modeling of mutant a-glucosidases K Sugawara et al number of affected atoms was o10 for 10 of the 27 substitutions (37% of cases), X10 and o50 for 7 other substitutions (26% of cases) and X50 in the remaining 10 cases (37%). As to the side chain, the number of affected atoms was o10 for 7 of the 27 substitutions (26% of cases), X10 and o50 for 9 other substitutions (33% of cases) and X50 in the remaining 11 cases (41%).
The RMSD values for the amino acid substitutions associated with a processing/transport defect were also determined and are included in Table 1 . The average RMSD value of the substitutions was 0.043 Å , with again a very high s.d. value of 0.042 Å . In 10 of the 27 cases (37%), the RMSD value was o0.02 Å , in 7 other cases (26%) it was X0.02 Å and o0.04 Å and in the remaining 10 cases (37%) the RMSD value was X0.04 Å . The variation in the RMSD value paralleled the number of atoms affected in the main chain.
To determine the locations of the amino acid residues involved in substitutions that cause a processing/transport defect, the ASA values of the residues in the wild-type structure were calculated ( Table 1) . The average ASA value was 5.7 Å 2 (s.d. 9.5 Å 2 ). In 13 of the 27 cases (48 %), the ASA value was o1.0 Å 2 , in 11 other cases (41 %) it was X1.0 Å 2 and o10 Å 2 and in the 3 remaining cases (11%) it was X10 Å 2 .
We paid particular attention to G377R and G483R. According to Sim et al., 12 G377 is predicted to be located in the loop region between b1 and a1, and G483 in insert 1 of the human acid a-glucosidase structure. For both residues, the ASA values were high (X25 Å 2 ), but the numbers of affected atoms in the main chain were very small (p5), as were the RMSD values (o0.02 Å ). These figures suggest that each of the two amino acid substitutions causes a small structural change on the surface of acid a-glucosidase. Coloring of the atoms affected by the mutations supported this interpretation, and it revealed that they affected neighboring small regions on the molecular surface ( Figure 4) .
Finally, we investigated what changes G377R and G483R might cause on the molecular surface. As the uncharged amino acid glycine is replaced by a positively charged arginine, both these substitutions are expected to affect neighboring residues and to locally affect the electrostatic surface of the enzyme, as shown in Figure 5 . On comparing the wild-type and mutant structures, G377R was predicted to affect R375, W376, Y378, S379, Q386, N417 and L678, whereas G483R was predicted to influence R411, S449 and S484.
DISCUSSION
Processing and transport defects of lysosomal enzymes commonly occur as a result of missense mutations in the respective genes and cause lysosomal diseases. 8, 9 To elucidate the basis of such defects in Pompe disease from a structural viewpoint, we constructed threedimensional models that allowed us to compare the structures of the wild-type and mutant forms of human acid a-glucosidase.
In this study, we used the crystal structure of the N-terminal subunit of human intestinal maltase-glucoamylase, which is highly homologous to human acid a-glucosidase, as a template, and we managed to construct a tentative model encompassing the entire structure of the enzyme. The analysis revealed that the overall structure of human acid a-glucosidase probably resembles that of the template quite closely. Likewise, the enzyme protein has five domains. The trefoil type-P domain is characteristically found in all Figure 4 Color imaging of the atoms affected by representative amino acid substitutions. Front view (left) and side view (right) of G377R (a) and G483R (b). Each atom is colored according to the distance between the atom in the mutant and the corresponding atom in the wild-type structure. The color code is as follows: gray o0.15 Å ; cyan X0.15 Å and o0.30 Å and green X0.30 Å . The whole structure is depicted as a ball and stick model, and the affected atoms as a space-filling model.
Structural modeling of mutant a-glucosidases K Sugawara et al subunits of maltase-glucoamylase and sucrose-isomaltase, but its function is as yet unknown. The catalytic domain has a (b/a) 8 barrel structure (Figures 2b and 3) and is shared by a-amylases and several other enzymes with rather different function. 27 Precise analysis of the structural differences between the catalytic domain of human acid a-glucosidase and maltase-glucoamylase may reveal the basis of their different substrate specificities. It is noted that the cleavage sites in human acid a-glucosidase in which proteolytic processing occurs are located at positions where the primary sequences of both enzymes deviate one and another (Figures 1 and 2) . 3, 4 The projected locations of the disulfide bonds suggest how the various peptides that arise from proteolytic processing are held together. Of further note, the seven Nlinked glycosylation sites predicted by the primary structure of human acid a-glucosidase and, indeed, occupied by carbohydrate side chains are all located at the outer surface of the molecule (Figure 2) . 28, 29 Then, we mapped the locations of amino acid residues involved in substitutions that were earlier shown to hamper the post-translational processing and transport of human acid a-glucosidase (Table 1) . In these cases, the 110-kD precursor enzyme was synthesized, but defective processing and transport is indicated by the far less than normal amounts of the acid a-glucosidase species of 95 kDa and 76/ 70 kDa detectable by polyacrylamide gel electrophoresis in the presence of SDS-polyacrylamide gel electrophoresis (PAGE). 8 The processing and transport defects can also be deduced from the lack of secretion of the 110-kDa a-glucosidase precursor, and from the higher degree of sialylation of the carbohydrate side-chains that can occur when a mutant protein is retarded in the trans-Golgi cisternae. This leads to an increase in the apparent molecular mass on SDS-PAGE. 4 In the constructed three-dimensional model of human acid a-glucosidase, the amino acid substitutions giving rise to processing/transport defects seemed to be distributed in the all five domains and from the core to the surface of the molecule. The structural changes caused by each individual substitution varied from small to large, as judged with several criteria including the numbers of affected atoms in the main chain and side chain, and the RMSD values.
Among the substitutions, we investigated G377R and G483R in more detail, as they were predicted to cause only minor structural changes in a small region on the molecular surface. The replacement of an uncharged residue by a positively charged residue is apparently sufficient to change the conformation of the enzyme precursor such that it leads to a folding or transport defect. It is noteworthy that G377R is not secreted and probably does not pass the ER quality control system, whereas G483R, having excessive sialic acids, must have passed through trans-Golgi apparatus, being secreted in a normal amount and converted, to some extent, into the 95-kDa processing intermediate (Table 1) . Thus, we tentatively conclude that the region in question is sensitive to even small structural changes, with far reaching consequences for proper folding and transport of human acid a-glucosidase.
In conclusion, through molecular modeling involving the recently published crystal structure of the homologous intestinal enzyme maltase-glucoamylase, we have provided one of the very first insights into the tentative three-dimensional structure of human acid a-glucosidase. The model awaits confirmation and probably minor corrections, but all attempts to crystallize the enzyme have failed so far. A simpler three-dimensional model not covering the entire length of the protein has already shown its value for predicting the location of amino acid residues that are involved in catalytic function. 11 We have used this new model, encompassing the entire structure of acid a-glucosidase, to gain an impression of the structural changes brought about by amino acid substitutions that affect the posttranslational processing and transport of the enzyme en route from the ER to lysosomes and causing Pompe disease.
Among the substitutions, we focused on G377R and G483R resulting in electrostatic changes that particularly influence small neighboring regions on the molecular surface. Even these minor changes are apparently detected by the ER's quality control system or make the enzyme vulnerable to degradation in other pre-lysosomal or lysosomal compartments. Structural studies will not only help us to further elucidate the molecular basis of Pompe disease, but also to clarify the mechanism underlying protein quality control. Structural modeling of mutant a-glucosidases K Sugawara et al
